Introduction
In the course of a comparative study of the properties of tin-base and lead-base bearing alloys, marked differences were observed between the two types of alloy. Small steel cylinders coated on the inside with these bearing alloys were alternately heated and cooled by immersion in oil. After a few cycles between 30 and 150° C, cracking was observed on the surface of the tin-base bearing, but the surface of the lead-base bearing was free from such defects. Moreover, after fifty cycles of heating and cooling, the formerly smooth surface of the tin-base lining had become quite rough. The lead-base lining, however, showed no signs of surface roughening. After two hundred cycles, the general roughening and cracking of the surface of the tinbase bearing had proceeded to a very marked degree. After a similar treatment, no such change was apparent on the surface of the lead-base alloy.
If internal stresses due to the difference in thermal expansion between the steel cylinder and the bearing fining were the cause of these effects, it would be expected that they would be more pronounced the wider the difference in thermal expansion. Although the mechanical properties of tin-base and lead-base bearing alloys are similar (A.S.T.M. 1939), and the difference in thermal expansion between a lead-base alloy and steel is greater than between a tin-base alloy and steel, the surface deforma tion has been observed only with tin-base alloys. This suggests that the effect was independent of the bimetallic nature of the bearing.
To verify this point, specimens of lead-base and tin-base alloys not bonded to steel were subjected to thermal cycles. Again, the tin-base alloy showed surface deforma tion whilst the lead-base alloy did not. Figure 1 (plate 1) represents an area on a tin-base bearing alloy which had been subjected to fifty thermal cycles between 30 and 150° C. The rough and deformed state of the originally smooth surface is apparent. These experiments show that the phenomenon is not due to the differential expansion between the steel shell and the bearing metal, but is an inherent property of the alloy, and possibly even of the basis metal. It was therefore decided to in vestigate the behaviour of pure metals under similar conditions, and specimens of tin and lead were subjected to thermal cycles. After a small number of cycles, tin specimens showed deformation, while no signs of deformation were detected in the lead specimens. The investigation was later extended to cadmium and zinc, and with these metals slip lines were detected even after one thermal cycle.
I t was thought that the phenomenon might be due to the anisotropy of thermal expansion, inherent in metals which do not possess a cubic crystal structure. In this paper experimental evidence is advanced to support this explanation.
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Experimental (u) atenals
The metals used were the purest available. The tin was approximately 99*85 % pure with antimony, arsenic, lead and copper as principal impurities. The lead was of a purity exceeding 99*99 %. The zinc and cadmium used were electrolytically refined and were both 99*97 % pure, with lead and zinc respectively as the main impurities. I t was essential to obtain the specimens used for the experiments in a state free from any residual stresses which m ight be produced by mechanical working or polishing. Small ingots o f the various metals were cast and rolled to strip approxi m ately 0*20 in. in thickness and 1 in. in width. The specimens were cut.from the strip and filed to the shape shown in figure 2, this shape being adopted in order to facilitate handling of the specimen. One surface of each specimen was then rubbed on wet carborundum papers up to 600 grade. The specimens were subsequently annealed for at least 30 min. at a temperature equal to or exceeding the maximum temperature used in the cyclic thermal treatment.
•10"~20'thick Mr-F ig u r e 2. Shape o f specimens used.
Finally, the specimens were electrolytically polished. The electrolytic method of polishing eliminates the possibility of surface deformation during the preparation of the specimen. Tin specimens were polished by the m ethod of Jacquet (1939), while the cadmium specimens were prepared by a modification of this method. A variation of the technique used by Rodda (1943) was successful in the case of zinc. Lead was at first mechanically polished by the method of Womer & Womer (1940), but later the electrolytic technique of Koch & Stanau (1941) was adopted. Once a specimen was prepared in this manner it was not subjected to further polishing during or after the cyclic thermal treatment.
(c) Cyclic thermal treatment
In the earlier experiments, the specimens were alternately immersed in a hot oil bath at 150° C and a cold oil bath at 30° C. A mechanical device was constructed in order to carry out a large number of cycles automatically. In this case the specimens were held in each bath for 2 \ min. whilst the removal from one bath to the other occupied 1 min. Originally the specimens were in direct contact with the oil; how ever, it was later found advisable to enclose them in glass tubes to avoid undue staining. Moreover, the glass containers reduced the cooling and heating rates, thus minimizing the stresses due to a temperature gradient in the specimen. Under tb/ese circumstances the duration of the cycle was lengthened. Some experiments were carried out with a still slower rate of heating and cooling, the specimens being heated and cooled in the one oil bath. In this case, the temperature rose to 150° C in 40-60 min., while the cooling to room temperature occupied several hours. The specimens were examined microscopically after a varying number of cycles.
In order to examine the deformation during a thermal cycle, specimens were heated and cooled on the stage of a photographic microscope. The specimen was in direct contact with a copper cylinder containing oil which was heated by an im mersion heater. The temperature was measured by a thermocouple inserted in a small hole in the side of the specimen. This hole was drilled before the specimen was annealed. The specimen was insulated from the stage of the microscope by a sheet of mica 0*4 mm. thick in which there was a small hole through which the microscopic observations were made. W. Boas and R. W. K. Honeycombe
R esults (a) Description of observed phenomena
Three types of phenomena were observed in the specimens after cyclic thermal treatment. First, deformation marks appeared in the crystals, the direction of the lines changing at the grain boundaries. The majority of these lines was due to slip although some evidence of twinning was found. This was shown by the facts that slight etching removed most of the lines, and that usually only one set of parallel lines was found in each grain. Twins, on the other hand, are more readily distin guished from the parent grains after etching because of the difference in orientation. Secondly, the smooth surfaces of the specimens became rough and the grain boun daries more marked. Thirdly, migration of boundaries occurred in certain metals, both the old and the new boundaries being visible simultaneously without additional preparation of the specimen. As the number of cycles was increased, the three effects became more pronounced. This is shown for zinc, cadmium and tin in figures 3-5 (plates 1 and 2). The three phenomena did not occur to the same extent in each metal; moreover, they were not all necessarily associated in every case.
Zinc. Slip occurred to a marked degree as is shown in figure 3 , but no grain boundary migration was observed. This was accompanied by a roughening of the surface which was readily seen with the naked eye. In addition to this permanent distortion, a reversible roughejiing of the surface was detected by microscopic observation of m ost specimens during the cycle, although some specimens did not show this effect.
Cadmium. Slip occurred to approximately the same extent as with zinc. This is shown in figure 4 (plate 1) . The surfaces o f the cadmium specimens showed permanent roughening which was as pronounced as in zinc. The cyclic treatment brought about accentuation of the grain boundaries, and, in addition, extensive grain boundary migration took place.
Tin. Only slight evidence of slip or twinning was seen (figure 5, plate 2). The main effect appeared to be an accentuation of the grain boundaries, some o f which ultim ately seemed to become regions of severe distortion as shown in figure 6 (plate 2). Extensive grain boundary migration occurred (figure 66), similar to that observed in cadmium.
Lead. No signs of deformation were detected, and no accentuation of the grain boundaries became apparent. In some specimens, certain grains grew at the expense of others, but no grain boundary network was developed. N o connexion between this grain adsorption and the cyclic treatment was observed and there was no evidence of recrystallization within the existing grains.
(6) Factors influencing the deformation Duration of cycle. Specimens of cadmium which were plunged alternately into hot and cold oil, and specimens which were slowly heated and cooled in the one oil bath, gave similar results. A fast cycle occupied between 5 and 10 min., while a slow cycle took approximately 7 hr. The deformation caused in a cadmium specimen by ten slow cycles is illustrated in figure 7 (plate 2). This photograph also shows more extensive grain boundary migration than is the case in specimens subjected to fast cyclic treatment.
These experiments, together with the fact that no plastic deformation was observed when lead was subjected to a similar treatment, support the view that the deformation is not due to internal stresses caused by non-uniform heating and cooling.
\Number of cycles. As already stated, the observed phenomena became more pronounced as the number of cycles was increased. I t was also apparent that different grains showed slip to varying degrees. After only one cycle, some grains were already plastically deformed, and as the cyclic treatment proceeded, more and more grains, showed signs of deformation. This progressive increase in the deforma tion of particular crystals and the onset of deformation in new ones was followed by photographing the same area of a specimen at intervals during the cycles. In figure 8 some photographs taken on a cadmium specimen are reproduced.
Slight indications of deformation may already be observed in specimens as polished electrolytically. This may be seen, for example, in figure 8a (plate 3). This might be explained in either of two ways. First, the deformation lines may be remnants of those which are produced on cooling from the annealing temperature, and are not completely removed by the subsequent electrolytic polishing. This explanation is supported by the fact that such specimens do show distinct slip and twinning when microscopically examined after annealing but prior to polishing. This deformation is at times sufficiently pronounced that a rumpling of the surface of the annealed specimens can be detected. For example, the surfaces of cadmium specimens prepared on no. 600 carborundum paper and subsequently annealed at approximately 260° C have a rumpled appearance and signs of plastic deformation can be detected in the grains. The second possible explanation is that the specimens were deformed on cooling from the temperature at which the electrolytic polishing was carried out (usually 45-60° C for cadmium), although the first explanation appears more likely.
In general, not only did an increasing number of grains show deformation lines as the number of cycles was increased, but also the lines became more intense and more numerous in grains deformed in a previous cycle.
Grain size. The effect of variation in grain size was investigated specially in the case of cadmium. It was apparent that deformation occurs independently of grain size. The smallest average Unear grain size investigated was approximately 0-05-0-06 mm. (figure 8) and grain sizes up to 100 times this have been examined. Thick grain boundaries observed can be resolved at higher magnifications into a large number of grain boundary impressions which are the result of Umited migration.
A significant difference in behaviour was observed with a single crystal of cadmium. The specimen was of the same shape as those previously used. It was subjected to 50 cycles by plunging alternately into oil at 30 and 150° C. Here, one would expect the effect to be absent, and the results showed thstt this was so. The major part of the surface remained entirely free from any shp fines. Slight indications of deforma tion were observed at the base of the handle which was polycrystalfine, and along one edge where the specimen was subjected to the greatest thermal gradient.
Temperature. Microscopic observations during the cycle revealed that the number of slip fines iii a grain increased as the temperature was raised (figure 9, plate 4). Moreover, the intensity of existing slip fines increased as the cycle proceeded and was augmented not only as a result of the rise in temperature but also of the sub sequent cooling. Figure 9 shows that the slip fines are at least as pronounced near grain boundaries as they are in the centre of the grain. The deformation is accom panied by grain boundary migration which is also seen in figure 10 and which will be discussed later.
Metal. As the preceding experimental evidence implies, the deformation is very pronounced in the case of zinc and cadmium. It is difficult to judge which of these metals undergoes the greater deformation under similar conditions. On the other hand, tin shows slip to a much lesser degree, but slip and twinning are not neces sarily the only outward signs of deformation. The severe distortions near the grain boundaries seem to be the principal indications of deformation in tin. In lead no deformation can be detected.
Orientation of the crystals. It was thought that the effect o f relative orientation o f the crystals on the deformation could be investigated statistically by comparing the behaviour of specimens in which the crystals were orientated at random w ith specimens possessing a preferred orientation o f the crystals. To this end, two series o f zinc specimens were prepared. In the first case, heavy cold rolling in one direction was carried out followed by annealing at approximately 300° C, while the material for the second series was hot rolled in various directions and annealed. After cyclic thermal treatm ent there was some indication that less plastic deformation occurred in specimens of the first series. However, further work is necessary to confirm this result, as the existence of preferred orientation in these specimens has not yet. been established.
(c) Associated phenomena
Persistent nature of the lattice distortions. No recrystallization was detected during the cyclic treatment. On the other hand, it was possible to bring about recrystal lization in specimens of cadmium by annealing at a temperature higher than the maximum temperature o f the cycle after they had undergone a considerable number o f cycles. Specimens, after rolling, were annealed for £ hr. at 250° C, the resultant grain size being the same in each case. The structure was revealed by macro-etching (figure lOc^-e^ plate 5). They were then given 10, 25, 50, 100 and 200 cycles respectively, reannealed for \ hr. at 250° C and finally macro-etched. Figure 10 shows that the deformation produced during 10 cycles is not sufficient to allow recrystallization to occur. Partial recrystallization took place in the specimen previously subjected to 25 cycles (figure 10 b2) and led to the formation o f very large grains. Recrystallization was complete in the specimen which had received 50 cycles (figure 10 c2), resulting in a somewhat finer grain-size than that of the previous specimen. The specimens subjected to 100 and 200 cycles were completely recrystal lized by the annealing treatment (figures 10d2 and e2), and the grain size o f both specimens was smaller than in the previous two cases. In other experiments with cadmium, the same general behaviour was observed, but the minimum number of cycles required for recrystallization on annealing varied.
These experiments indicate that some lattice distortions produced by the plastic deformation of the specimen are not removed during the cyclic treatment but remain in the specimen and, therefore, become more extensive as the number of cycles increases.
This opinion is supported by evidence from X-ray diffraction photographs taken on zinc, cadmium and tin at stages during the cyclic treatment. Back reflexion photographs were made using the continuous X-ray spectrum and the characteristic radiation from a copper target. Care was taken to obtain reflexions from the same crystals at different stages during the experiments. As the grain size was relatively large, Laue spots from several crystals were obtained, those produced by the characteristic radiation being particularly intense. In th e -photographs of the specimens in the as-annealed condition, the majority of the interferences was sharp.
In the three metals after 100 cycles, the spots were blurred, and both the K a x and K a 2 radiations were reflected from the one crystal. This is shown for cadmium in figure 11 (plate 5).
These two effects are identical with those described by Gough & Wood (1936) and indicate that the orientation varies within the one crystal where previously no such lattice distortion was present. The lattice distortions increased with the number of cycles. In certain cases, after a large number of cycles, recovery occurred as is indicated by the splitting up of some of the blurred spots into several smaller ones sharper in outline.
In similar experiments with lead, the sharpness of the Laue spots was not altered by the same cyclic thermal treatment as that applied to the non-cubic metals.
Grain boundary migration. It has already been mentioned that during the cyclic treatment, grain boundary migration occurs in the case of tin and cadmium, but not in zinc. In both tin and cadmium some grain boundaries moved more than others, while some were stationary. In very many instances, a grain boundary moved during each cycle and an impression of the boundary was then formed, ultimately leading to a complicated network of lines. On etching, these networks disappeared leaving only the new grain boundaries. These boundaries coincided with the final impression observed before etching, thus showing that the lines of the network represented the positions of the grain boundaries at various times. The number of grain boundary impressions observed did not always coincide with the number of cycles.
Unlike the deformation, the extent of the grain boundary migration is dependent on the duration of the cycle. In specimens of cadmium subjected to very slow cyclic treatment (7 hr. cycle) the migration was very much more extensive (see figure 7 ) than in the case of specimens which had received shorter cycles. A closer examination of grain boundary migration was made on cadmium and tin specimens which were microscopically examined during the cycle. Grain boundary migration appeared to occur to a much greater extent during the cooling part of the cycle. This can be seen in the case of cadmium in figure 9. The final state of the specimen after three such cycles is shown in figure 9 < 7 and at higher magnification in figure 9 These photo graphs show, moreover, that the direction of the migration may be either into the deformed grain or into the undeformed grain. The slip lines formed after this grain boundary migration extend to the new boundary (figure 7 b).
Discussion and conclusions
It is considered that the preparation of the specimens prior to cyclic treatment was carried out carefully enough to eliminate residual stresses set up in the metal by previous cold working. These precautions were especially necessary in view of the experience of Rosenhain & Ewen (1912), who observed twins on annealing silver which had been previously mechanically polished. They ascribed the twinning to the deformation caused by this type o f polishing. Those authors did not detect a similar effect with zinc.
It is also unlikely that a temperature gradient in the m etal, causing non-uniform expansion in different parts of the specimen, was responsible for the deformation. This is shown in the first instance by the small effect which the duration of the cycle had on the extent o f the deformation, and, secondly, by the negative result o f the experiments carried out with lead under the same conditions. Since the deformation produced by the thermal cycles was apparently characteristic of the non-cubic metals examined, the possibility of it being due to the anisotropy of thermal expansion became likely.
In metals belonging to the hexagonal and tetragonal crystal system s, the thermal expansion varies with the direction in the crystal; consequently, temperature changes will give rise to stresses where two crystals of different orientations adjoin, and where free expansion is hindered, that is, at the grain boundary. I f these stresses are large enough, plastic deformation of the grains will occur. In a cubic metal, on the other hand, no such effect can exist because the thermal expansion is the same in all crystallographic directions. I f it is now assumed that the anisotropy of thermal expansion is the cause of the deformation described above, then it would be expected that:
(1) The cubic m etal lead would not show any evidence of plastic deformation after cyclic thermal treatment.
(2) The rates of heating and cooling of the specimens during cyclic treatment would have no effect on the deformation, since the thermal expansion is dependent on the temperature difference and not on the rate at which the temperature changes.
(3) Specimens possessing a strongly preferred orientation would show deforma tion to a lesser degree than those in which crystals are orientated at random, since, on the average, the change in orientation from crystal to crystal is smaller in the former case than it is in a material with a random distribution of orientations. In the extreme case of a specimen consisting of only one crystal, no deformation would occur.
The first two expectations were borne out in the experiments described above. The third also appears to be supported by the experimental evidence, but this point needs further confirmation. It should be particularly noticed that no effect was observed with the cubic metal lead although its melting point (327*5° C) is very close to that of cadmium (320*5° C), and although it is very easily deformed.
It is therefore considered that the deformation observed in zinc, cadmium and tin is consistent with the anisotropy of thermal expansion in the crystals o f these metals.
An estimation of the magnitude of the stresses produced during the heating of a non-cubic metal is found in the appendix. This calculation shows that the anisotropy of thermal expansion, rather than the anisotropy of Young's modulus or the critical shear stress, determines the likelihood of occurrence of plastic deformation. The It has been previously mentioned that the slip lines continue through the crystals to the grain boundaries. This is in marked contrast to observations on metals deformed in a tensile test. In the latter case, slip lines become less numerous and tend to fade out near the grain boundaries. The emphasis o f slip lines near grain boundaries in specimens subjected to cyclic thermal treatment indicates that, in these regions, stresses are unusually heavy, thus supporting the conception of the origin of the deformation outlined above.
In a thermal cycle, as the temperature is raised, the stress between two crystals increases at first proportionately to the temperature until plastic deformation commences. Any greater stress is then largely relieved by plastic deformation; however, a slight increase in stress occurs because of the work hardening. On cooling, the stress decreases again proportional to the decrease in temperature, until zero stress is reached above room temperature. As room temperature is approached, stresses are set up in the opposite direction, which may be large enough to produce further plastic deformation. This is diagrammatically shown in figure 12. During each successive cycle, these variations in stress are repeated. Similar fluctuations of stress occur in specimens which are subjected to fatigue conditions, for example, to cycles of alternating tensile and compressive stresses. In this case, the deformation in the reversed direction occurs by slip along alternate parallel sets of slip planes, and as the number of stress reversals is increased, further slip lines accompanied by lattice distortions are produced. The analogy between the deformation produced during repeated thermal cycles and repeated cycles oi externally applied stresses is striking. For this reason, it was thought that * thermal fatigue ' might be a suitable name for the phenomenon (Boas & Honeycombe 1944) .
In the experimental results, certain facts were noted which may be of significance to the main phenomenon, although at first they may not seem to have any close connexion with it. The most notable of these effects is the migration of grain boundaries which was observed in both tin and cadmium. Since this grain boundarymigration is apparently associated with the cyclic thermal treatment, in so far as further migration occurs during successive cycles, it is possible that the deformation of the metal is a contributing factor. However, in addition to the deformation, the duration of the cycle and the maximum temperature reached seem to play some part. The extent of grain boundary migration increases in the order zinc, cadmium, tinthat is, with decreasing melting point. However, lead, which possesses a melting point very close to that of cadmium, shows little grain boundary migration after cyclic thermal treatment.
n of non-cubic metals by heating and cooling 67 /0 antimony. Those authors used this alloy because of its * very peculiar property , namely, that the position of the new boundary is marked by a line which is really a difference of level, almost as if the specimen had been etched They found that these boundary markings were produced independently of whether the specimen was heated in air, hydrogen or in vacuo, and that they were formed only when the annealing was interrupted and the specimen was cooled to room temperature. It is possible that the grain boundary migration observed by those authors had the same origin as that described above. Although Carpenter & Elam concluded that crystal growth would not take place unless a metal had been previously deformed, they found that grain boundary movements occurred when an annealed tinantimony alloy was reheated. This supports the suggestion that the deforma tion caused by cyclic thermal treatment is connected with grain boundary migration.
As yet, no reasons have been advanced why the new grain boundaries become visible on cooling. Preferential volatilization at the grain boundaries is unlikely to be the cause, since the excess of the vapour pressure at the grain boundaries over that within the grains is proportional to the surface tension, which is of the same order of magnitude for zinc, cadmium, tin and lead. Neither can the effect be attributed to etching by hot oil, since it was equally observable in air, and, as Carpenter & Elam have shown, in vacuo and hydrogen. It is therefore thought that the impression indicating a difference of level is caused by the stresses set up during cyclic thermal treatment.
Finally, some implications of the phenomenon might be mentioned. It appears that it is difficult to obtain these metals, particularly zinc and cadmium, in a completely strain-free condition at room temperature. Although all stresses due to previous cold work may be eliminated by annealing at a sufficiently high temperature, new stresses due to the anisotropy of thermal expansion will be set up even if the rate of cooling from the annealing temperature is very slow. Similar stresses may occur in these metals on cooling after casting. Preliminary ex periments indicate that this is the case. Although no failure in pure metals was observed in the above experiments, it might be brought about after a sufficiently large number of cycles.
The position is somewhat different in the case of alloys containing more than one phase. Here, differences in thermal expansion may occur not only from grain to grain but also from phase to phase, and stresses may be set up even if all the phases present are cubic. On the other hand, the relative volumes taken up by each phase may be of importance as seems to be the case in bearing alloys in which the crystal structure of the matrix is the determining factor. Many bearings are raised to a temperature exceeding 100° C under normal running conditions. Clearly, over a period of time, the bearings will receive cyclic thermal treatment, the severity of which depends on the number of times the bearing is allowed to cool after use. This may ultimately contribute to the failure of certain bearing alloys in service. In this respect, lead-base bearing alloys were found to be superior to tinbase alloys.
It would appear that metals which possess a high degree of anisotropy of thermal expansion cannot be obtained in a strain-free condition at room temperature by casting or annealing. The observations are of some interest in the general theory of the strength of materials and the physical properties of metals. The stresses pro duced during thermal cycles may be of significance when they are superimposed on externally applied stresses. For example, in the case of fatigue, the stresses in the metal may be raised in this way from the safe to the unsafe range resulting in un expected failure. It is conceivable that these stresses play a role in the behaviour of metals under creep conditions where the deformation at the grain boundaries is significant. This work forms part of a general investigation carried out by the Lubricants and Bearings Section of the Council for Scientific and Industrial Research. We wish to express our thanks to Dr F. P. Bowden for his interest and encouragement in the work. We also wish to thank Professor J. Neill Greenwood for helpful discussions and the use of the equipment in the Rosenhain Memorial Laboratory, and to thank Professor E. J. Hartung for laboratory facilities in the Chemistry School of the University of Melbourne.
The 'plastic deformation of non-cubic metals by heating and cooling 69 Appendix Estimation of the order of magnitude of the stresses set up on heating and cooling of non-cubic metals
The basic idea of the calculation of stresses due to the anisotropy of thermal expansion is that two neighbouring crystals possessing different coefficients of thermal expansion must still conform to the same boundary after a change in temperature. This is possible only if the crystal with the larger coefficient of thermal expansion is compressed, and that with the smaller expansion is extended. An exact calculation is difficult, for the stresses depend on the shape of the crystals. Furthermore, each crystal has many neighbours, usually of different orientations, and the total stress is obtained by superimposing the various stress systems. A crude way of estimating the magnitude of the stresses is to consider a linear boundary element between two crystals. A somewhat similar estimation has been carried out by Laszlo (1943) .
When the temperature of such a specimen is raised by the length Z of the boundary element would be increased by axlA T or T respectively if the crystals 1 and 2 (with the coefficients of thermal expansion and a2 respectively) could expand independently of each other. The strains set up are such that the system has a minimum potential energy, and this is the case when the eompressive stress in one crystal is equal to the tensile stress in the other crystal. I f / X is the fraction of the deformation taken up by crystal 1 (an d /2 the fraction taken by crystal 2) and and E2 respectively the Young's moduli of the two crystals, it follows th a t/x Ex = f t and the stress <x= K -a ,) j r It can be seen that the difference in thermal expansion between the two crystals is the main factor determining the stress.
In hexagonal and tetragonal crystals, the coefficient of thermal expansion depends on the orientate n which, in this case, is solely defined by the angle (J> between the principal axis and the direction under consideration, i.e. the grain boundary. If a 8 and a x are the coefficients of thermal expansion parallel and perpendicular to the principal axis and y = cos^, a in any direction < j> is given by a = ocx +{oc]i-a ±) y 2, p r t so that or -(a, -a J A T (y \ -y|) j , .
It is obvious that the stress disappears not only if both crystals have the same orientation whatever the direction of the boundary, but also if the boundary bisects the angle between the two principal axes. Maximum stress occurs if the boundary is parallel to or perpendicular to the principal axis of one crystal, and the other principal axis is nearly perpendicular to it. The stress divided by the critical shear S0 may be taken as a measure of the tendency for slip to occur. The decrease in the critical shear stress with increasing temperature is not very marked and is similar for the different metals. Thus, as a first approximation, the value of 80 determined for room temperature may be used.
For the purpose of comparing the likelihood of occurrence of slip in the various metals, the values of the stresses set up are calculated for crystals of the same orientation relative to the grain boundaries and for the same temperature range. In this case, A T and the factor (yf -y §) which involves the relative orientation, are identical for the metals compared. In the factor containing the Young's moduli, the orientation is not eliminated. This is seen for hexagonal crystals, for which E1E2IE1 + E2 becomes ___________________________ 1___________________________ 2sn + ( -2 sn + 2sl3 + < s44) (yf + yl) + (sn + s33 -2s13 -su ) (yf+ with the elastic coefficients sik in the Voigt notation. Since the variation of this factor with the orientation does not greatly influence the magnitude of the stress, comparative values for the various metals will be calculated assuming that the grain boundary is parallel to the principal axis in one crystal and perpendicular to that axis in the other crystal. Table 1 contains the values fpr the elastic, plastic and thermal properties of zinc, cadmium and tin* from which values indicating the relative tendency for slip to occur have been determined. It is seen that this tendency increases in the order tin, cadmium, zinc. 
